A number of significant studies in the field of cell biology have revealed another pattern of intracellular signal transduction in which cells transmit information through the dynamics of key signaling molecules. Dynamical properties of p53 have been demonstrated to be the key factor in dictating cell fate, including cell cycle arrest, permanent cell cycle arrest, and cell death. Previous studies showed a negative feedback regulation pathway between SGK1 and p53, but the dynamics of SGK1 have never been reported before. Therefore, we used different dosing strategies of Wogonin to affect SGK1 dynamics and investigate its impact on cell response. Key factors, such as APAF1, BAX, GADD45A, p21, PML, and YPEL3, which are related to cell cycle arrest, senescence, and apoptosis, were measured at different time points after incubation with Wogonin. Western blot and quantitative reverse transcriptase-polymerase chain reaction analysis were used to examine protein and mRNA expression of these genes. In addition, we also used β-galactosidase staining and flow cytometric analysis to further verify the results. It was found that Wogonin inhibited cell viability and downregulated SGK1 protein levels; 20 μM Wogonin could induce non-small-cell lung cancer A549 cells into cell cycle arrest/senescence/apoptosis after 0.5/2/4 h, respectively; and SGK1 dynamics showed significant differences under different cell responses. Together, our findings showed that SGK1 protein dynamics can be an important part of intracellular signaling, directly influencing cellular response decisions.
Introduction
The serum and glucocorticoid-inducible kinase 1 (SGK1) protein belongs to a subfamily of serine/threonine protein kinases and has high homology with second messenger proteins such as protein kinase B (PKB)/AKT and protein kinase C (PKC) [1] . The gene encoding SGK1 is widely expressed in virtually all tissues of mammals [2] . SGK1, which is mainly activated by serum and glucocorticoid hormones [3] , is an important member of intracellular signaling pathways of phosphoinositide-3-kinase (PI3K), p38-mitogen-activated-protein kinase (p38MAPK) [4] , and c-Jun N-terminal kinase (JNK) [5] , playing a significant role in a variety of pathophysiological processes, such as the regulation of ion channels [6] , cell survival [7] , cell proliferation, and migration [8] . In the article by Talarico et al. [9] , SGK1 was demonstrated to be essential and limiting for mitotic stability and chemoresistance. SGK1 is involved in the regulation of multiple signaling pathways and functions as a bridge between them, serving as the regulatory hub of a variety of phosphorylation cascade reactions in vivo.
Activated SGK1 regulates cell proliferation and differentiation, promotes cell survival, and inhibits cell apoptosis by phosphorylation of substrates [10, 11] . A number of downstream substrates of SGK1 have been reported, including forkhead transcription factor FKHR-L1 (FOXO3a) [7] , glycogen synthase kinase 3 (GSK-3) [12] , p21 wild-type p53-activated factor 1 (p21 WAF-1 ), and cAMP responsive element binding protein [13] . The majority of these proteins are apoptosis regulators or nuclear transcription factors. Together, these studies indicate that SGK1 is an important signaling molecule involved in protecting cells, and that SGK1 is closely related to cell fate when cells are damaged by external stimulation.
In recent years, a number of significant trends in the field of cell biology have revealed another pattern of intracellular signaling, showing that cells transmit information through the dynamics of key signaling molecules [14] . Both γ-irradiation and UV radiation activate different targets through p53 [15] and lead to different cell fates [16] . In response to the double-strand DNA breaks caused by γ-irradiation, the levels of p53 tumor suppressor protein exhibit a series of pulses with fixed frequency and amplitude and lead to cell cycle arrest [16] . By comparison, UV radiation triggers a single sustained p53 response and leads to apoptosis [16] . Dynamic properties of p53 such as oscillation frequency, amplitude, signal duration, or number of fluctuations have been demonstrated to be associated with specific cell fates, including cell cycle arrest, permanent cell cycle arrest (senescence), and cell death (apoptosis) [16, 17] . p53 activation occurs after DNA damage is induced by external sources, and p53 then activates extracellular signal-regulated enzyme kinase (ERK) by phosphorylation [18] . SGK1 is induced by ERK1/2 and promotes the phosphorylation of FOXO3a and its subsequent translocation from the nucleus to cytoplasm, blocking FOXO3a-mediated transcription of downstream target genes and affecting cell cycle arrest and apoptosis [7, 19, 20] . p53 can activate the transcription of SGK1, while SGK1 can phosphorylate MDM2, which then induces MDM2-dependent ubiquitin degradation of p53 protein to downregulate p53 expression, affecting cell proliferation, survival, differentiation, and other processes [21] . This leads to a negative feedback regulation loop between SGK1 and p53, and the expression level of SGK1 is closely related to the level of p53 protein.
Whether the expression of SGK1 protein in cells also has a similar dynamic phenomenon with p53 fluctuation, which leads to different cell responses, remains an important but unanswered question.
Wogonin (5,7-dihydroxy-8-methoxyflavanon) is an O-methylated flavone that was found in Scutellaria baicalensis [22] . It has been reported that Wogonin has anticancer activity with low toxicity in various human cell lines including A549 non-small-cell lung cancer (NSCLC) cells [23] . In our previous studies using structural analysis, we found some similarities between the Chinese herbal monomer Wogonin and a specific SGK1 inhibitor EMD638683 (Fig. 1A) . Our findings demonstrated that Wogonin and SGK1 could form a stable complex using molecular docking methods (Fig. 1B) . EMD638683 was tested in vitro by the determination of SGK1-dependent phosphorylation of NDRG1 (N-Myc downstream-regulated gene 1) in human cervical carcinoma HeLa cells [24] . We compared Wogonin with SGK1 inhibitor EMD638683 by western blotting. We speculated that Wogonin have similar downregulate SGK1 effects with EMD638683, which was likely to be another key mechanism of their anti-tumor effect. Thus, in the current study, we chose Wogonin as a strategy to interfere with SGK1 and examined SGK1 levels under three different cell responses. We examined the dynamic fluctuations of SGK1 under different cell responses and determined if these are related to lung cancer cellular outcome.
Materials and Methods

Reagents and antibodies
Wogonin (purity > 99%) purchased from Shanghai Shifeng Biological Technology (Shanghai, China) was dissolved in dimethylsulfoxide (DMSO) and stored at −20°C until needed. EMD638683 was bought from MedChemexpress (Monmouth Junction, USA). The antibodies against the following proteins were used: APAF1, BAX, GADD45A, P21, PML, YPEL3, p53 (Abcam, Cambridge, USA); β-actin, SGK1 (Cell Signaling Technology, Boston, USA).
Cell culture
The A549 human pulmonary adenocarcinoma cell line was purchased from Cell Bank of Chinese Academy of Sciences (Shanghai, China). The cells used in our experiments were maintained in RPMI 1640 medium (Hyclone, South Logan, USA) supplemented with 10% fetal bovine serum (Gibco, Carlsbad, USA) at 37°C in a humidified chamber, 5% CO 2 , 95% air atmosphere.
Cell viability assay
Cell viability was measured by CCK8 assay (cell counting kit-8; Dojindo Molecular Technologies, Kumamoto, Japan). A549 cells harvested with trypsin (Gibco) were prepared and treated in 96-well cell plates. After 24 h of incubation, the RMPI 1640 culture medium was removed and A549 cells were incubated with various concentrations of Wogonin (0-80 μM) or vehicle (DMSO with the identical dilution rate as Wogonin) for different times (0-12 h). A 1:10 diluted CCK8 solution in the culture medium was added to the cells, and the viability of the cells was measured at 460 nm by an enzymelinked immunosorbent assay reader (BioTek, Winooski, USA). 
Western blot analysis
The A549 cells washed with phosphate buffered saline (PBS) were homogenized and extracted with RIPA buffer (150 mM NaCl, 50 mM Tris, pH 7.4, 1% NP-40, 0.1% sodium dodecyl sulfate, 0.5% sodium deoxycholate, sodium orthovanadate, sodium fluoride, leupeptin, and ethylenediaminetetraacetic acid; Beyotime, Shanghai, China) supplemented with 1% protease inhibitor PMSF (Beyotime). The protein concentration was measured using a BCA protein assay kit (Biosharp, Hefei, China). Samples containing 30 μg of protein were separated by 6%-12% SDS-polyacrylamide gel electrophoresis and then transferred to the PVDF membranes (Millipore, Billerica, USA). After being blocked with 5% nonfat milk, the membranes were incubated overnight at 4°C with the antibodies against APAF1, BAX, GADD45A, P21, PML, YPEL3, p53, β-actin, SGK1 at dilutions ranging from 1:500 to 1:1000. After being washed with TBST three times (10 min each), the membranes were incubated with appropriate horseradish peroxidase-conjugated secondary antibody (Beyotime). The membranes were washed three times as described above and proteins were visualized by ChemiDoc XRS+ system (Bio-Rad, Hercules, USA) with chemiluminescence (ECL) detection reagents (Millipore). Quantification of the bands was performed by Quantity One 1D analysis software (Version 4.6.2).
Real-time PCR assay
Quantitative real-time PCR was performed using an SYBR green report. The A549 cells incubated with Wogonin were washed three times with PBS, and total RNA was extracted by using RNAiso Plus reagent (Takara, Tokyo, Japan). Total RNA was first reverse transcribed into cDNA by using a Reverse Transcriptase Kit (Invitrogen, Carlsbad, USA) according to the manufacturer's recommendations. Sequence-specific primers were mixed with SYBR green (Roche, Basel, Switzerland) and amplified using a qTOWER 2.2 real-time PCR instrument (Analytikjena, Thuringia, Germany). The relative mRNA expression was calculated using the following formula: relative expression = 2 -(ΔCt sample-ΔCt control) , ΔCt = Ct gene -Ct GAPDH . The primer sequences used are shown in Table 1 .
Senescence-associated SA β-Gal staining
The staining was essentially described by Dimri et al. [25] . Cells from each well were fixed and stained by using SA β-Gal staining kit (Beyotime) according to the manufacturer's instructions. X-Gal staining solution contains galactopyranosid, which can be converted into a blue colorant by an active galactosidase. After overnight incubation at 37°C without CO 2 , blue stained cells were detected and counted in a light microscope (×200) [25] .
Flow cytometric analysis
The cell apoptosis was assayed by flow cytometric analysis. The cells were harvested and washed twice with cold PBS, then resuspended in 195 μl of Annexin V-fluorescein isothiocyanate (FITC) binding buffer (Beyotime) with 1 × 10 5 cells. The suspension was incubated with 5 µl of Annexin V-FITC and 10 µl of propidium iodide in the dark for 15 min at 25°C. Finally, the samples were analyzed using flow cytometry (FacsCalibur; BD Biosciences, San Jose, USA) immediately. The cell cycle arrest was assayed by flow cytometric analysis. A549 cells were trypsinized and washed with ice-cold PBS, then cell pellet was fixed with ice-cold 70% ethanol. The cell pellet was mixed with 500 μl of cell cycle reagents (Beyotime) and incubated in the dark at 37°C for 30 min. The population of cells in each phase was measured by the flow cytometer.
Statistical analysis
All experiments were repeated three times. Data are presented as the mean ± SD. Statistical analyses were performed using SPSS20.0 (IBM, Armonk, USA). Student's t-test was used to compare differences between two groups, while one-way ANOVA analysis was used to compare statistical differences between more than two groups. GraphPad Prism (Version X; Graphpad Software, La Jolla, USA) was used to generate line chart and histograms diagrams. P value < 0.05 was considered of statistically significant difference.
Results
Wogonin inhibits cell viability and downregulates SGK1 protein levels
We evaluated cell viability of A549 cells incubated with different concentrations of Wogonin by CCK8 assays. Wogonin effectively inhibited A549 cell growth, and the inhibition of cell growth was dose-dependent ( Fig. 2A) . We observed a significant difference between exposure to 20 and 40 μM for 12 h (P < 0.05), and the mean viability rate was 80.5% and 65.0%, respectively. We thus selected 20 μM as a suitable concentration for our experiments. Next, A549 cells were exposed to 20 μM Wogonin for various times (0, 2, 4, 6, 8, and 10 h). As shown in Fig. 2B , the cell viability was significantly decreased (P < 0.05) between 8 and 10 h. Therefore, we examined cells treated within 8 h for our study. Protein levels of SGK1 were downregulated in a dose-dependent manner after incubation with different concentrations of Wogonin and EMD638683 (Fig. 2C) . These data showed that Wogonin inhibited cell viability and downregulated protein expression levels of SGK1 in a dosedependent manner.
Negative feedback exists between SGK1 and p53
p53 can activate the transcription of SGK1, while SGK1 can phosphorylate MDM2, which then induces MDM2-dependent ubiquitin degradation of p53 protein to downregulate p53 expression [21] . To determine whether there is feedback regulation pathway between SGK1 and p53, we assayed protein expression of SGK1 and p53 after incubation with 20 μM Wogonin using western blot analysis. Previous study showed that Wogonin presented similar functions with γ-irradiation in leading to p53 pulses [16] . Like p53, SGK1 also showed protein dynamic fluctuation after incubation with Wogonin. Immunoblot analysis showed an inverse correlation between SGK1 and p53 (Fig. 2D) . Taken together, we believed there is negative feedback between SGK1 and p53, and the expression level of SGK1 is closely related to the level of p53 protein.
Effect of Wogonin on different cell responses
We next examined the expression levels of key regulatory proteins at various times (0, 0.5, 2, 4, 6, and 8 h) after incubation with 20 μM Wogonin (Fig. 3A) . GADD45A and P21, which involved in cell cycle arrest, reached their peak protein level at 0.5 h after treatment with Wogonin (Fig. 3B) . Senescence-associated proteins PML and YPEL3 were at their maximum level at the time point of 2 h (Fig. 3C) . The mRNA transcripts of APAF1 and BAX apoptotic proteins reached the highest level at the time point of 4 h (Fig. 3D) .
To further verify the western blotting results, we evaluated mRNA expression of APAF1, BAX, GADD45A, P21, PML, and YPEL3 at six different time points. The expression levels of GADD45A and P21, two cell cycle arrest related genes, achieved their maximum and were 10 and 30 folds higher than control group at time point of 0.5 h (Fig. 4A) . The mRNA expression levels of senescence-associated PML and YPEL3 were the highest at 2 h (Fig. 4B) , which were consistent with the protein levels detected by western blot. The mRNA expressions of APAF1 and BAX showed a similar trend with their protein expressions, which culminated at 4 h (Fig. 4C) .
Protein and mRNA levels of GADD45A and P21 were expressed at the highest level at 0.5 h. Cell cycle analysis results demonstrated that incubation with 20 μM Wogonin caused cell cycle arrest mainly at the G2/M checkpoint. Cell population of G2/M was elevated from 1.4% in the control sample to 32.6% at 0.5 h, and then decreased sharply in the next few hours (Fig. 5A) . These results suggested that 20 μM Wogonin evoked cell cycle arrest at the time point of 0.5 h.
Since both protein and mRNA levels showed highest expression at 2 h, we also observed that the cells exposed to 20 μM Wogonin for 2 h showed a strong induction of SA β-Gal positive cell staining (~85%), which was higher compared with other time points (Fig. 5B) . Therefore, we believed that 20 μM Wogonin induced senescence at the time point of 2 h.
To further investigate the effect of Wogonin on apoptosis, the cells were also treated for different periods of time and apoptosis was assessed by flow cytometry. The results of cell flow cytometric analysis are shown in Fig. 5C . Wogonin at the concentration of 20 μM for 4 h produced a significantly higher apoptosis rate (49.4%) compared with untreated cells. Over time, apoptotic cells began to decline and the level of dead cells began to rise gradually (Fig. 5C) . We thus considered that 20 μM Wogonin triggered apoptosis at the time point of 4 h. Taken together, these data indicated that exposure of A549 cells to Wogonin for 0.5, 2 and 4 h led to cell cycle arrest, senescence and apoptosis, respectively.
Dynamic fluctuation of SGK1 during three different cell responses
After exposure of A549 cells to 20 μM Wogonin for 0.5, 2 and 4 h, the drug was removed and cells were incubated with medium supplemented with 5% fetal calf serum that could increase drug efflux [26] . Protein expression levels of markers APAF1, BAX, GADD45A, P21, PML, and YPEL3 for different cell responses were measured by western blot analysis to confirm that cells maintained their states in the next 13 h (Fig. 6) . Therefore, we collected protein samples every hour over the next 13 h and examined the dynamic fluctuations of SGK1 using western blot analysis. SGK1 showed only one significant fluctuation at the cell cycle arrest status (Fig. 7A) ; at senescence, SGK1 showed two fluctuations, and the second amplitude was higher than the first one (Fig. 7B) . A similar trend was observed at cell apoptosis, although there was no significant difference between the two amplitudes of this status (Fig. 7C ). There were no significant differences of area under curve (AUC) during cell cycle arrest (mean area 17.97), senescence (mean area 17.92), and apoptosis (mean area 18.26) (Fig. 7D) , indicating that it was the dynamics of SGK1 rather than its accumulated levels that controls cell responses. These data showed that there were significant differences in SGK1 dynamics under different responses, which control cell responses.
Discussion
Our results indicated that the expression of SGK1 protein in NSCLC A549 cells showed a fluctuating dynamic change after the DNA damage induced by external drug stimulation. We observed significant differences in the dynamics fluctuation of SGK1; however, SGK1 accumulated to similar levels during three different cell responses. This confirms that the different cell responses correspond to different SGK1 dynamic characteristics and indicates that SGK1 is an important factor involved in cell response decision. SGK1 mRNA expression was found to be significantly upregulated in NSCLC and associated with several clinical prognostic indicators which were elevated in higher grade tumors and in tumors with greater size and worse clinical stage [27] . A recent report showed that SGK1 positively regulates the growth and migration of NSCLC cells, and knocking down the expression of SGK1 inhibits the metastasis of NSCLC cells in vivo in mice [28] . However, the role of SGK1 in the tumor occurrence of NSCLC remains to be resolved. p53 protein dynamics directly influence cellular fate decisions [16] , and there is a negative feedback regulation pathway between SGK1 and p53 [21] . Therefore, SGK1 likely shares similar protein dynamic fluctuations with p53, and we hypothesize that protein dynamics fluctuation of SGK1 may play an important role in the tumorigenesis and development of NSCLC. Purvis and Lahav [17] reported that in addition to p53 protein dynamic fluctuations, the transcription factor NF-κB and the yeast transcription factor Msn2 also exhibit dynamic fluctuations. Studying the dynamic characteristics of these signal molecules can reveal the potential regulatory mechanisms of cellular information transmission [17] . However, most studies on protein dynamics of these molecules are based on the stimulation with radiation or endogenous substances [17] , and there are very few reports on how chemicals affect protein dynamics in human cells. Wogonin is a natural monoflavonoid [22] that exhibits good anti-inflammatory and anti-tumor effects [29] . Previous studies showed that Wogonin induces cell apoptosis by activating the p53 and AMPK signaling pathways [30] . Our results indicate that protein levels of SGK1 are downregulated in a dose-dependent manner by stimulation with Wogonin. The inhibitory effect of Wogonin on SGK1 might be another key mechanism of its anti-tumor effects.
In our study, we demonstrated that A549 cells exposed to the same concentration of Wogonin for different time intervals led to different SGK1 protein dynamics and resulted in different cell responses. In other words, the differences in the pharmacokinetic parameters of Wogonin, such as the speed of uptake by cells and the exposure time, determine the dynamic behavior of SGK1 fluctuations, including SGK1 oscillation frequency, amplitude, and cycle, which finally determine the cell outcomes of tumor cells.
Targeted perturbation of protein dynamics, such as the one illustrated in our study, may enable new pharmacological strategies for altering cell fate in a range of diseases [16] . Lung cancer remains to be the most common cause of cancer-related mortality worldwide in men and second in women after breast cancer [31] . About 85% of all lung cancer patients are classified as NSCLC which is usually diagnosed at advanced stages [32] . Most cases of advanced NSCLC are unsuitable for surgery, and chemotherapy is used as the first-line treatment to improve survival [33] . However, chemotherapy has numerous adverse effects, such as typhlitis [34] , gastrointestinal distress [35] , anemia [36] , fatigue [37] , and alopecia [38] , which result in poor therapeutic effect or even cause termination of treatment. Our data indicate that Wogonin could induce cells from undergoing a specific cell state to another cell state, for example from cell cycle arrest to senescence or from senescence to apoptosis. The ultimate purpose of our study is to identify reasonable dosing strategies according to the stage of the tumor and to establish trough concentration during the first and second drug administrations to those that are slightly higher than the concentration required to induce cells shifting from cell cycle arrest to senescence or from senescence to apoptosis. With this strategy, the tumor cells can be transferred from one cell state to another cell state, thereby reducing the toxic and side effects caused by the blind use of chemotherapeutic drugs, which can provide references for clinical medication.
In conclusion, our study revealed that different dosing strategies of Wogonin can induce different outcomes of NSCLC A549 cells, including cell cycle arrest, senescence, and apoptosis. There are significant differences in SGK1 oscillation frequency, amplitude, and cycle during different cell responses. Our data suggest that the timing and end point of different cell responses is associated with the dynamics of SGK1. SGK1 protein dynamics may be an important part of cellular signaling that directly influences cellular response decisions.
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